Climate change scenarios predict an increase in average temperatures and in the frequency, intensity, and length of extreme temperature events in many wine regions around the world. In already warm and hot regions, such changes may compromise grape growing and the production of high quality wine as high temperature has been found to affect berry composition critically. Most recent studies focusing on the sole effect of temperature, separated from light and water, on grape berry composition found that high temperature affects a wide range of metabolites, and in particular flavonoids-key compounds for berry and wine quality. A decrease in total anthocyanins is reported in most cases, and appears to be directly associated with high temperature. Changes in anthocyanin composition, and flavonol and proanthocyanidin responses are however less consistent, and reflect the complexity of the underlying biosynthetic pathways and diversity of experimental treatments that have been used in these studies. This review examines the impact of high temperature on the biosynthesis, accumulation, and degradation of flavonoids, and attempts to reconcile the diversity of responses in relation to the latest understanding of flavonoid chemistry and molecular regulation.
Introduction
Since the first paper reviewing the effects of temperature on grape composition (Coombe, 1987) , the number of publications addressing the topic has increased exponentially . While studies initially focused on basic grape composition, research over the last two decades has expanded to include a wide range of primary and secondary metabolites due to rapid development in instrumentation and analytical capacity. This increasing interest is due to the importance of phenolic compounds for grape and wine composition, and the recognition that rising temperature associated with climate change will affect many of the world's wine-growing regions (Webb et al., 2013) . Under the most stringent emission reduction scenarios, where future atmospheric CO 2 concentrations stabilize between 430 ppm and 480 ppm, predictive models forecast an increase in mean surface temperature between 0.3 °C and 1.7 °C by the end of the current century (Intergovernmental Panel on Climate Change, 2014). However, if carbon emissions continue to increase during this time along the most pessimistic 'business as usual' scenario, a mean temperature increase of 1.5 °C to >5 °C is predicted (Schultz and Jones, 2010) . In many regions of Australia, Europe, and Asia, extreme events such as heatwaves have become more frequent and will occur earlier in the season, be of longer duration, be of higher intensity, and include more temperatures above the 35 °C threshold often used to define heatwaves (Intergovernmental Panel on Climate Change, 2014). For warm and hot climate regions, the potential for such events to impact on berry primary metabolism is well recognized. Briefly, accumulation of sugars such as galactinol and raffinose, organic acid (malic acid) accumulation and degradation, and some amino acids such as phenylalanine can be affected by high temperature (Pillet et al., 2012 (Pillet et al., , 2015 Sweetman et al., 2014; Rienth et al., 2016; Lecourieux et al., 2017) . Secondary metabolites such as flavonoid compounds, responsible for colour and important sensory properties, will also be one of the key factors determining how fruit and wine quality is affected by rising temperatures in coming decades.
To provide context around the predicted temperature increases associated with climate change, most of the world's wine regions are located between the 12 °C and 22 °C isotherms for the mean growing season temperature (OctoberApril in the Southern Hemisphere and April-October in the Northern Hemisphere) (Schultz and Hofmann, 2015) . Various temperature indices have been developed to classify these regions and, while the calculation details are beyond the scope of this review, the commonly used scales divide the existing climate range into five or six categories based on mean growing season temperature, thermal time, or thermal time with adjustments for day length and diurnal temperature range (reviewed by Hall and Jones, 2010) . While raising the possibility for viticulture expansion into areas previously too cold for viable wine grape production, climate change will result in the transition of existing regions into warmer classifications and push current hot climate regions towards the 24 °C mean growing season temperature that is considered as an upper limit for viticulture (Schultz and Jones, 2010) . Relocation of vineyards to cooler locations at higher latitudes or altitudes, and the increased use of irrigation are some of the adaptation decisions that will be faced by wine grape producers (Hannah et al., 2013) . However, for European vineyards where wine production is a tradition, such adaptation strategies would have a high impact on economy and cultural values and, hence, other solutions to adapt current viticulture regions to a warmer climate are being investigated (Fraga et al., 2013; Torregrosa et al., 2017; van Leeuwen and Destrac-Irvine, 2017) . In other cases, such as the hotter parts of inland Australia, the development of viticulture regions has been supported by substantial long-term investment in irrigation and production infrastructure. A common priority is therefore to understand how rising temperatures will influence fruit composition, and the extent to which this can be mitigated in current regions either through vineyard and canopy management practices that reduce fruit temperature or through the selection and breeding of cultivars with better adaptation to high temperatures (Webb et al., 2013) .
Flavonoids are essential components of wine as they strongly influence the sensory perception, perceived quality, and the price of wines (Adams, 2006) . Flavonols, anthocyanins, and flavan-3-ols (giving rise to tannins) are of particular importance, and this review first provides an overview of their structures and locations in the different red grape tissues. It is already well recognized that anthocyanins are influenced by temperature, with a synthesis optimum of ~30 °C (Keller, 2010) . This is probably due to a combination of temperature effects on the production, accumulation, and degradation of anthocyanins, although the individual contribution of these processes remains unclear. However, temperature responses of flavonols, flavan-3-ols, and tannins, which can also contribute to wine colour through interactions with anthocyanins, are even less well understood.
Part of the difficulty in studying these questions is the genetic diversity amongst cultivars of Vitis vinifera L. and interspecific hybrids, the many experimental conditions generated through combinations of developmental stage, duration, intensity, nocturnal, and diurnal temperature ranges (Pillet et al., 2015) , and sampling complexity (e.g. sampling calendar, bunches, or berries) compounded by post-véraison berry heterogeneity (Gouthu et al., 2014) . For example, even if just attempting to compare effects of day and night temperatures, means and/or maxima ranging from 20 °C to 45 °C have been applied at night and from 30°C to 49 °C during the day (Mori et al., 2005; Tarara et al., 2008; de Rosas et al., 2017) . Separating effects from other abiotic factors such as light and water supply also requires consideration of the experimental design. Indeed, most of the recent reviews give an overview of the effect of all abiotic factors on berry composition but remain superficial on the critical assessment and discussions relative to a single factor (Downey et al., 2006; Cohen and Kennedy, 2010; Petrussa et al., 2013; Teixeira et al., 2013; Pillet et al., 2015; van Leeuwen and Darriet, 2016; Drappier et al., 2017) . Consequently, the main objective of this review is to compile and discuss the current state of knowledge regarding the sole effect of temperature on flavonoid metabolism in grape berries across the diversity of red V. vinifera (most wine and table grapes), V. labrusca, and hybrid cultivars.
Berry flavonoid composition and location
Secondary metabolites in plants are classified into three main groups: alkaloids, terpenoids, and phenylpropanoids (Kabera et al., 2014) . The latter are divided into non-flavonoids and flavonoids, which derive from the precursors phenylalanine, 3-malonyl-CoA, and 4-coumaroyl-CoA. While flavonoids were first thought not to contribute to plant development, they are now acknowledged as important secondary metabolites in protecting plants against biotic and abiotic stresses (Pourcel et al., 2007; Castellarin et al., 2012; Di Ferdinando et al., 2012; Petrussa et al., 2013) . Flavonoids are also of major interest to grape and wine research as they impact on colour, ageing capacity, and bitterness and astringency of wine (Adams, 2006; Drappier et al., 2017) . They have a common C6-C3-C6 backbone and are divided into subfamilies depending on their exact structure and subsequent properties. Three of the main subfamilies are flavonols, anthocyanins, and flavan-3-ols (giving rise to proanthocyanidins), and are the focus of this review as they have been intensively studied over the past 40 years.
The general structures of these compounds and the main variants found in grape berry tissues are presented in Fig. 1 .
Flavonols
Flavonols are colourless compounds and only accumulate in the berry skin. In red grapes, 90% of flavonols are found as quercetin (Q), myricetin (My), and kaempferol (K), with the remaining 10% composed of laricitin (L), isorhamnetin (Ir), and syringetin (S) (Mattivi et al., 2006) (Fig. 1A) . They can be mono-(K), di-(Q and Ir), or tri-(My, L, and S) hydroxylated, depending on the number of hydroxy (-OH) or methoxy (-OCH 3 ) groups on their B-ring. Their glycosylated form (through the C-ring hydroxyl) is the only one accumulated in grapes, with the most predominant forms being the glucoside, glucuronide, and galactoside derivatives. They are the least abundant of the flavonoids described here, but can contribute to red wine colour evolution during ageing (Drappier et al., 2017) .
Anthocyanins
The end-products of the flavonoid pathway are the anthocyanins which result from the condensation of anthocyanidins and sugars. While there are only six main anthocyanidins identified in plant organs: delphinidin (D), cyanidin (C), peonidin (Pn), petunidin (Pt), malvidin (M), and pelargonidin (Pg) (Fig. 1B) , a multitude of anthocyanins can be generated through glycosylation in position 3 of the C-ring and acylation of these sugars (Terrier et al., 2009a) . In V. vinifera, only the first five families of anthocyanins have commonly been quantified, with their proportions, including acylation, varying significantly with cultivar, season, vineyard location, and management. Malvidin derivatives are by far the main anthocyanins, while pelargonidins have only been detected with sensitive and specific analytical techniques (Pinasseau et al., 2017) . Anthocyanins are mainly found as monoglycosylated (60-70%), while the remaining forms (30-40%) are acylated with non-flavonoid phenolics such as p-coumaric and caffeic acids or acetic acid. Anthocyanins are only synthesized in the skin of V. vinifera berries, whereas their synthesis can also occur in the pulp of some hybrids and other Vitis species such as Teinturier cultivars like Rubired. In the skin, they are mostly located in the thickwalled hypodermal cells but can also be found in the epidermal cells (Walker et al., 2006) . Anthocyanins in general can be differentiated by the number of hydroxy and methoxy groups on the B ring and classified as mono-(Pg), di-(C and Pn), or tri-hydroxylated (D, Pt, and M).
Flavan-3-ols and proanthocyanidins
Flavan-3-ols are synthesized in the skin, pulp, and seeds of berries, with (+)-catechin (C) and (-)-epicatechin (EC) being the major flavan-3-ols in grapes, and (+)-gallocatechin (GC) and (-)-epigallocatechin (EGC) present in lower proportions. Among these four compounds, EC and EGC can also be acylated with gallic acid and give the following galloylated esters: (-)-epicatechin gallate (ECG) and (-)-epigallocatechin gallate (EGCG) (Souquet et al., 1996; Kennedy et al., 2000; Pinasseau et al., 2016) (Fig. 1C ). Of these, C, EC, and ECG are dihydroxylated and called procyanidins as they are directly derived from leucocyanidin and cyanidin, while GC, EGC, and EGCG are delphinidin derivatives and hence trihydroxylated (Fig. 2) . Small quantities of flavan-3-ols can be found as free monomers in all grape tissues (skin, seeds, pulp, and vascular tissues) or polymerized to become condensed tannins, also known as proanthocyanidins (PAs) in skin and seeds (Cohen and Kennedy, 2010; Pinasseau et al., 2016; Jordão and Cosme, 2017) . PAs are composed of flavan-3-ol subunits interconnected via C4-C8 and C4-C6 interflavan bonds, but the exact polymerization process, whether enzymatic or non-enzymatic, as well as which unit is the one initiating the reaction is still unknown. By convention, the top and middle units are called extension or upper subunits and the last polymer unit is called the terminal subunit (Fig. 1D) . Leucoanthocyanidins, which are direct precursors of the flavan-3-ols, can also contribute to the polymerization process as extension subunits (Bogs et al., 2005) .
PAs differ in composition and length [characterized by a mean Degree of Polymerization (mDP)] by the nature and number of subunits (Fig. 1D) . PAs are most commonly analysed by acid catalysis where terminal subunits are differentiated from initial and extension subunits (Kennedy and Jones, 2001; Pinasseau et al., 2016) . While PAs are mainly composed of C and EC subunits, their length and composition vary depending on berry tissues. Berry skin contains longer polymers with a mDP varying from 2 to 80, with an average value of ~20-30, and having a percentage of galloylation (i.e., amount of galloylated esters) generally of ~5%. Skin PAs contain both procyanidins and delphinidin derivatives with EC and EGC as the main extension subunits and C as the main terminal subunit Scollary, 2010) . They are mainly located in the hypodermal layers of the skin but can also be found in the epidermal cells. Seeds have shorter polymers with a mDP varying from 2 to 20 and an average value of ~10. The percentage of galloylation is higher than in skin and can vary 10-20%. The predominant flavan-3-ol monomers are EC and C, but ECG has also been detected. On the other hand, delphinidin derivatives are either missing in seeds or have not yet been detected due to very low concentrations (Bogs et al., 2006; Jeong et al., 2006 Jeong et al., , 2008 . Seed PAs are located in the parenchyma cells of the soft seed coat (Cadot et al., 2006) and measurable concentrations vary throughout the course of seed development as they become less extractable during berry ripening (De Freitas et al., 2000) . From véraison, seed colour changes from green to brown, probably due to PA oxidation or complexation with other compounds (Hanlin et al., 2010) . Flavan-3-ols are also present in pulp, and again C and EC are the most abundant free monomers although in small concentrations compared with seeds and skin. Traces of PAs have also been detected in the pulp, either coming from the vascular system of the grapes or being produced within the pulp but not measured in high concentrations due to their strong binding to proteins or polysaccharides (Hanlin et al., 2010) .
Flavonoid biosynthesis
All phenolic compounds are derived from the same precursors and share common genes. Their biosynthetic pathway, compiled from multiple literature sources where the different steps of their biosynthesis are well understood, is shown in Fig. 2 . In grape berry cells, flavonoids are synthesized in the cytoplasm and then stored in vacuoles (Petrussa et al., 2013) . Their biosynthesis starts with precursors such as glucose, which lead to erythrose-4-phosphate and phosphoenol pyruvate. They are converted to amino acids (l-tryptophan, l-tyrosine, and l-phenylalanine) (Schmid and Amrhein, 1995) , the last two being the main precursors of the phenylpropanoids. It is estimated that under normal growth conditions without stresses, >20% of the total fixed carbon by photosynthesis flows through the shikimate pathway (Tohge et al., 2013) . l-Phenylalanine then yields cinnamate which is the precursor of all phenolic compounds-non-flavonoids and flavonoids. Then, naringenin chalcone is produced, itself yielding the flavanones, the dihydroflavonols upon hydroxylation of the C ring, and ultimately the flavonols upon oxidation. Dihydroflavonols also give rise to leucoanthocyanidins, which are precursors to anthocyanidins and flavan-3-ols.
Key enzymes
Each step of the shikimate and phenylpropanoid pathways is catalysed by a specific enzyme family (Fig. 2 ). Linking these two pathways, phenylalanine ammonia lyase (PAL) converts phenylalanine into cinnamate, and then cinnamate-4-hydroxylase (C4H) and 4-coumarate CoA ligase (4CL) catalyse the steps to 4-coumaroyl-CoA. Key enzymes associated with the reactions to and from naringenin chalcone are chalcone synthase (CHS) and chalcone isomerase (CHI), respectively (Petrussa et al., 2013) . Flavonoid enzymes such as flavone synthase (FS), flavanone-3β-hydroxylase (F3H), and flavonol synthase (FLS) catalyse intermediate reactions (Jaganath and Crozier, 2011 ). An important branching point in the flavonoid pathway is located upstream, at the flavanone and dihydroflavonol levels with two key enzymes: flavonoid-3'-hydroxylase (F3'H) and flavonoid-3'5'-hydroxylase (F3'5'H), respectively, yielding di-and trihydroxylated flavonoids from monohydroxylated precursors (B ring). Both genes coding for F3'H and F3'5'H are expressed in skin, contributing to the production of di-and tri-hydroxylated flavonols, anthocyanins, and cyanidins, and delphinidin derivatives, respectively. However, lack of, or very low, expression of the gene coding for F3'5'H in seeds is responsible for the absence of delphinidin derivatives in this tissue (Bogs et al., 2006; Jeong et al., 2006 Jeong et al., , 2008 . Dihydroflavonol 4 reductase (DFR) and leucoanthocyanidin dioxygenase (LDOX) then contribute to the conversion, respectively, of dihydroflavonols into leucoanthocyanidins and then into anthocyanidins. Anthocyanidin reductase (ANR) and leucoanthocyanidin reductase (LAR) are the main enzymes for flavan-3-ol production and are isomer dependent (Terrier et al., 2009a) . Enzymes potentially involved in flavan-3-ol polymerization, yielding PAs, are not yet known. The exact galloylation mechanism of flavan-3-ols is also unknown; however, β-glucogallin appears to be involved in the process. Its synthesis from gallic acid is catalysed by UDP-glucose-gallic acid glucosyltransferase (UGGT) (Khater et al., 2012; Bontpart et al., 2016) . In addition, UDP-glucose flavonoid-3-O-glucosyltransferase (UFGT) converts anthocyanidins to anthocyanins, and acylation of the glucose moiety of anthocyanins is catalysed by acyl transferase (AT) (Rinaldo et al., 2015) . Finally, methylation of the diverse flavonols and anthocyanins is catalysed by methyl transferase (MT). Enzymes can have numerous copies within the same family (ranging from 1 to 30) and each encoded by a slightly different gene . As an illustration, F3'5'H has 10 VvF3'5'H isoforms identified in V. vinifera (e.g. VIT_06s0009g03010 and VIT_06s0009g02840).
Regulation
Many MYB transcription factors are involved in the regulation of the phenylpropanoid pathway controlling different parts of the pathway. The simplified illustration of Azuma (2018) shows how complex the regulation is. Briefly, MYB5a and 5b regulate the genes encoding the enzymes involved in the biosynthesis steps from coumaroyl-CoA to dihydroflavonols (Deluc et al., 2006 (Deluc et al., , 2008 . MYBF1 directly regulates FLS for the production of flavonols (Czemmel et al., 2009 ) while MYBA1&2 and MYB4 regulate UFGT for monoglucoside anthocyanin synthesis by induction and repression of its gene, respectively Kobayashi et al., 2010) . MYBPA1 can contribute to a general regulation of the main pathway genes in Fig. 2 . Detailed shikimate and phenylpropanoid pathways in grape berry compiled from Bogs et al. (2005 Bogs et al. ( , 2006 Bogs et al. ( , 2007 , Deluc et al. (2008) , Terrier et al. (2009a) , Jaganath and Crozier (2011) , Rinaldo et al. (2015) , and Bontpart et al. (2016) . Examples of glycosylation and acylation are only shown for kaempferol and malvidin.
all berry tissues, but, in concert with MYBPA2 in berry skin, it is involved in LAR and ANR regulation Terrier et al., 2009b) . MYBA1 and MYBA2 also appear to be involved in many other steps of the pathway, with MYBA1 particularly involved in the regulation of the transcription of the AT gene (Rinaldo et al., 2015) .
Spatiotemporal expression
Flavonol synthesis occurs at two key stages of berry development: starting at inflorescence development with a peak at flowering, and then around véraison when a period of rapid accumulation begins. Anthocyanin synthesis starts at véraison, when green berries begin to soften due to a coordinated induction of all the genes, and the specific activation of MYBA1&2 for the regulation of the UFGT gene encoding the enzyme which is responsible for the glycosylation of the C ring. Their accumulation begins shortly after véraison, leading to a visual change in berry colour from green to red, and then stabilizes or decreases slightly at maturity. A range of monoglucoside derivatives is then synthesized, with the MT enzyme first converting D to Pt or M, and C to Pn. Monoglucoside derivatives in most red cultivars can then be further modified through acylation by the AT enzyme, except for the V. vinifera cultivar Pinot Noir which lacks this enzyme (Rinaldo et al., 2015) . At the cellular level, anthocyanins are synthesized in the cytoplasm, and proteins, such as ATP-binding cassette (ABC), multidrug and toxic compound extrusion (antho-MATE), and glutathione S-transferase (GST), have been identified as putative transporters within and between cells (Petrussa et al., 2013) . Flavan-3-ol synthesis commences early on during inflorescence development, and PA accumulation may even start before flowering (Bogs et al., 2005; Deluc et al., 2008) . Maximum expression of the known genes involved in flavan-3-ol biosynthesis is at around flowering (Bogs et al., 2006) , and maximum PA concentration is reached just before véraison (Kennedy and Jones, 2001; Downey et al., 2003) . After véraison, changes in PA concentrations have been found to vary, with most studies observing a decrease of measurable PAs from véraison until harvest (Downey et al., 2003; del Rio and Kennedy, 2006; Verries et al., 2008) . The lack of consensus on the pattern of decline could arise from 'biased' analyses as polymerization (Downey et al., 2003) and/or interaction with cell walls through hydrogen bonding (Hanlin et al., 2010) may lead to lower extraction rates (Rustioni et al., 2014) , resulting in underestimation of actual concentrations.
Methods for studying the effect of temperature
To understand the impact of temperature on flavonoid metabolism, experimental methods to elucidate the sole effect of temperature are required. A recent review critically assessed and described past and recent approaches that have been used for this purpose , and readers are referred to this work for more detailed information. However, to provide a broad classification of experimental approaches used, the authors made a distinction between indirect and direct methods. Indirect methods take a statistical approach, and use the analysis of data derived from comparisons of different sites, exposures, or vintages to establish possible environmental influences on berry composition Lorrain et al., 2011) . Direct methods rely on deliberate modification of the fruit or whole-vine temperature such that interactions with berry composition can be studied. The most common direct methods involve controlled environments such as glasshouses (Edwards et al., 2011) , growth chambers/cabinets (Greer and Weston, 2010) , small climatic chambers (Rienth et al., 2016) , and the use of cold rooms at night (Gaiotti et al., 2018) . These can provide valuable mechanistic knowledge, but by necessity are limited to the use of small plants, and other artefacts may be difficult to eliminate. For field-grown vines, which allow studies under close to normal production conditions, closed transparent chambers were first used to apply short-term temperature treatments (Soar et al., 2009) . Designs were subsequently adapted to apply longer treatments without affecting light environment of the canopy or fruit, with passive or heated structures installed under the cordon (Sadras et al., 2012a) or around whole vines with square open-top chambers (Edwards et al., 2017) .
None of these direct methods are completely free from artefacts, and possible confounding effects and sources of variation are described in the previously mentioned review . While field experiments are not free from artefacts, they are closer to realistic field conditions. However, field manipulations are not readily controllable, and are more suited to providing a temperature differential from ambient rather than absolute temperature control. Controlled environments are used to gain mechanistic knowledge and, although artefacts also exist, they can provide precise control of the growing conditions. While care is needed in transposing conclusions from controlled environments to the field, observed trends are commonly in agreement with field experiments. Collectively, these methods have been used for the study of grapevine development (Soar et al., 2009; Edwards et al., 2017) , berry growth and ripening (Greer and Weston, 2010) , and sugar and acid accumulation in response to temperature (Sweetman et al., 2014; Rienth et al., 2016) . Flavonoids have also received significant research attention for the last three decades. In this review, we focus on the use of direct temperature modification methods on anthocyanins, flavonols, flavan-3-ols, and PAs, and studies with their experimental parameters and a summary of their key findings are listed in Table 1 .
Treatment scale
Temperature treatments can be applied at scales ranging from whole vines to bunches or single berries, in the field, in controlled environments, or in vitro. In Table 1 , experiments have been classified into three levels: whole vine, bunch, and detached berry or cell suspension. Whole-vine heating experiments have mainly been conducted in controlled environments or using open-top chambers in the field, often with a broader scope of studying the effect of long-term average warming or heat events on photosynthesis, vine development, and subsequent changes in berry composition (Sadras and Moran, 2012; Sadras et al., 2012a Sadras et al., , b, 2013a . These sets of experiments match realistic conditions; however, interpreting effects on berry metabolism is more challenging as temperature also impacts on whole-plant physiology. Other experiments were designed to change bunch temperature only, and used chamber-free systems to investigate the effect of temperature on berry metabolism independently of the canopy (Tarara et al., 2000) . These controlled experiments can replicate conditions when bunches are exposed to higher temperature due to direct sun exposure through different canopy structures or row orientation, or alternatively when shaded within the canopy or at night time when the fruit temperature is closer to air temperature. This type of experimental set-up is mainly aimed at understanding biosynthetic mechanisms within berries. To complement field and controlled experiments, single berry studies have also been conducted in vitro on detached berries or cell suspensions to gain a detailed understanding of flavonoid degradation mechanisms using isotope tracers (Mori et al., 2007b; Chassy et al., 2015; Arrizabalaga et al., 2018) and metabolite profiling (Ayenew et al., 2015; Degu et al., 2016) .
Another source of variation between studies is the plant material with different behaviours observed for vines of different clones for example (Arrizabalaga et al., 2018) . Studies use vines of different age for which root system implantation can vary considerably. In potted experiments, different types of vines, such as grafted or non-grafted, and fruiting cuttings have been used (Pillet et al., 2012; Carbonell-Bejerano et al., 2013; Lecourieux et al., 2017) . In addition, mutant vines such as microvines (dwarfs) have recently been used due to their rapid growth, continuous flowering, and the possibility of studying different phenological stages at once (Rienth et al., 2014a (Rienth et al., , b, 2016 .
Duration, intensity, and timing
Details related to experimental set-up such as duration of exposure, timing, and temperature treatments are also reported in Table 1 . Among the various temperature studies, it is possible to differentiate two categories depending on the duration of the treatment: short-term, when high temperature is applied for a few hours (Kobayashi et al., 2010; Liu et al., 2014; Carvalho et al., 2015) or several days up to 14 d (Sepúlveda et al., 1986; Soar et al., 2009; Pillet et al., 2012; Sweetman et al., 2014) ; and long-term, when treatments are applied from several weeks to several months (Poudel et al., 2009; Carbonell-Bejerano et al., 2013; Koshita et al., 2015; Movahed et al., 2016; Pastore et al., 2017) or for the whole season (Sadras and Moran, 2012; de Rosas et al., 2017; Edwards et al., 2017) . The imposed temperature changes also vary from a couple of degrees Celsius to represent future climate conditions (Sadras and Moran, 2012; de Rosas et al., 2017) , to a high temperature differential to reproduce conditions during a heat event. In all experiments presented in Table 1 , treatments are described by the difference of temperature between heated and control (dT). In most experiments, the average temperatures (T mean ) of the heated treatment is also reported and the average temperature of the control can then be calculated using T mean -dT. For studies carried out in a non-controlled environment, the average maximum temperature (T max ) often depends on the background temperature, while for studies conducted in a controlled environment, such as growth chambers, the temperature is maintained constant.
Finally, treatments can also be applied at different timings in relation to day and night. Most studies examined the effect of day temperature from sunrise to sunset which corresponds to daylight hours, or experimented with different day and night temperature combinations. A few studies focused on the sole effect of night temperature to simulate either an increase in mean temperature over a long period or a lack of overnight heat dissipation which commonly occurs during a heat event (Kliewer and Torres, 1972; Mori et al., 2004 Mori et al., , 2005 Gaiotti et al., 2018) . Different times of day such as early morning and late evening high temperatures were also investigated (Mori et al., 2007a) .
Phenological stage
The stage of development at which berries are exposed to heat stress is probably the most important parameter to consider, and several studies reported different responses depending on the phenological stage studied Lecourieux et al., 2017) . Long-term studies have assessed the effect of a higher average temperature during the whole season, from flowering to maturity, or the whole year with interruption during winter (Sadras et al., 2012a) . Other studies have focused on specific growth stages targeting gene expression at a given time of berry development and/or ripening . To summarize the stage of such treatments, berry development can be divided into three simple stages and/or identified more precisely with the E-L system. Stage I is the period of rapid growth by cell division corresponding to E-L 19-32, stage II spans the lag phase with no berry growth through E-L 33-34, and stage III from ripening until maturity through E-L 35-38 (Mullins et al., 1992; Coombe, 1995) . Early berry development experiments during stage I are rare, and most studies have commenced just before the onset of véraison, in stage II, or just after, in stage III. Véraison is often defined as the stage when 50% of the berries of a group have begun to colour, but it is in fact a 24 h phase on a single berry scale between lag phase and ripening. During this period, most genes in the flavonoid pathway are activated, and véraison has been identified as a particularly sensitive window for abiotic stress responses and anthocyanin biosynthesis Rienth et al., 2014b) . Late ripening (end of stage III) experiments have shown a less pronounced or no effect of temperature on flavonoid biosynthesis and gene expression, but have led to changes in concentration, due to degradation and changes in berry water content/size due to shrivelling.
Sampling and berry heterogeneity
Different sampling strategies have been adopted amongst studies, mainly depending on their aims and needs in terms of berry material for analytical work. To measure the evolution of some compounds throughout development or ripening, some have collected whole bunches at different sampling dates (Cohen et al., 2012a) while others have conducted repeated collection of a few berries from the same bunches. The number of berries collected can vary considerably, from a single berry to 50 per bunch, and the position of those sampled also varies from one study to another. Most studies compared chemical and gene expression data from different subsamples, while others performed phenotyping and gene expression on the same single berry to reduce variability in total soluble solid (TSS) concentrations between samples (Rienth et al., 2014b (Rienth et al., , 2016 . In fact, at véraison, bunch heterogeneity can be problematic and each berry, going through véraison at a different timing or pace, has a different amount of TSS and organic acids which could bias correlations between molecular and chemical analyses (Gouthu et al., 2014; Rienth et al., 2014b Rienth et al., , 2016 CarbonellBejerano et al., 2016; Rösti et al., 2018) . In addition, differences in environmental conditions between sampling dates could also significantly impact gene expression results (CarbonellBejerano et al., 2016) .
Effect of high temperature on flavonoid composition
Berry composition is well known to be impacted by temperature, but differences in genotype, temperature parameters, such as intensity, duration, timing, and the treatment scale of application, mean that research findings are not always in agreement. Sampling and analytical methods are also central to understanding the behaviour of complex secondary metabolite biosynthesis; however, variations in extraction or subsequent methods of quantification can also render comparisons between studies difficult. This review does not attempt to describe the full range of analytical methodologies used, and readers are referred to individual publications for full details. However, in brief, total phenolics and colour parameters are most commonly acquired by UV-vis spectrophotometry, while information on detailed composition is normally obtained by chromatography. Anthocyanins have been the most studied compounds due to their importance in red grape production, and also because simple assessments of bunch colour can be made without the need for complex chemical analysis. Flavonols, flavan-3-ols, and PAs have also been studied, but to a lesser extent as they cannot be directly estimated and require analytical tools. A graphical summary, compiling results presented in Table 1 and summarizing the temperature responses for the three families of flavonoids at the level of berry, bunch, and whole vine, is presented in Fig. 3 .
Flavonols
Flavonol responses to temperature appear to vary depending on the experimental parameters, and variable results were found for this class of compounds. Variations in results were important depending on the treatment scale. While most studies at whole-vine (Mori et al., 2004 (Mori et al., , 2005 Poudel et al., 2009; Pastore et al., 2017) and detached berry levels (Azuma et al., 2012; Ayenew et al., 2015; Chassy et al., 2015; Degu et al., 2016) reported an effect on concentration and/or flavonol profile, at the bunch level, it appears that high temperature has no or little effect on final flavonol concentrations regardless of the other experimental parameters (Cohen et al., 2008 (Cohen et al., , 2012a Tarara et al., 2008) . This could be explained by a general decrease of metabolism at the whole-vine level, induced by heat stress, affecting the production of primary metabolites through a reduction of vine photosynthesis. These changes in flavonoid precursors, indirectly due to temperature, could impact on the downstream production of flavonols. This hypothesis is confirmed with in vitro studies which showed a general decrease of metabolism simultaneously with a decrease of flavonols (Ayenew et al., 2015; Degu et al., 2016) .
Flavonol responses also vary with the timing (day and/or night) at which the heating has been applied. On one hand, when the heating treatment is only applied at night, either no effect or an increase in flavonols has been observed at the whole-vine level (Mori et al., 2004 (Mori et al., , 2005 . In addition, studies in vitro in the dark reported no effect on flavonols when temperature was maintained at 35 °C versus 15 °C. However, under the same conditions of night only heating, but at a more extreme temperature (45 °C), flavonols were decreased. On the other hand, several studies observed a decrease of flavonols correlated with high day temperature. At the whole-vine level, flavonols were decreased with high day and night temperatures (Poudel et al., 2009 ) and with high day temperatures (Pastore et al., 2017) . In vitro, under artificial light, four studies reported a decrease in flavonols regardless of the intensity and the duration Azuma et al., 2012; (Ayenew et al., 2015; Chassy et al., 2015; Degu et al., 2016) . Effects observed only with high day temperature could be explained by the fact that this class of compounds is known to be highly regulated by light. In fact, at night or in the dark, there was no effect of high temperature as they are probably not synthesized at all. Under more extreme conditions, degradation could however occur.
At the bunch level, a few exceptions reported an effect of temperature, but results were variable. In Merlot, a higher flavonol concentration was observed when the treatment was applied during the whole berry ripening period (Cohen et al., 2008) , while another study on Cabernet Sauvignon found that berry skin subjected to heat stress for 17 d exhibited, at vérai-son, a decrease in most flavonols (Pillet, 2011) . These inconsistencies could be due either to a specific cultivar response or to duration.
Flavonol composition was sometimes affected by high temperature, and these changes were mostly observed when total flavonol concentration was altered. In Sangiovese, the concentration of flavonols at harvest was reduced by 2-fold in the heated treatment, with My and Q forms particularly affected (Pastore et al., 2017) . Heat stress applied 3 weeks after véraison, which led to a decrease in flavonols in Cabernet Sauvignon, also led to changes in profile, with the most affected compounds being Q-glucoside (85% loss), unidentified flavonol (70% loss), My-glucoside (65% loss), and K-glucoside (no longer detectable) (Pillet, 2011) . In vitro, high temperature (40 °C) considerably reduced flavonols and, in particular, My and Q derivatives (Degu et al., 2016) .
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A slight reduction in the proportion of dihydroxylated forms was correlated with high day temperature in the first season of the experiment (Cohen et al., 2008) . In addition, another study from the same research group found small changes in profile due to reduction in amplitude between day and night temperatures (Cohen et al., 2012b) . During stage I, an increase in the monohydroxylated forms was observed concomitant with a decrease in dihydroxylated forms. During stage II to III, an increase in dihydroxylation was observed concomitant with a decrease in trihydroxylated forms. Even though effects on the relative concentrations of flavonols vary, such findings suggest an adjustment in gene expression of the hydroxylase enzymes (F3H, F3'H, and F3'5'H), and will be discussed in the next section.
To summarize, minor effects on flavonols were found when high temperature was applied at night or at the bunch level. Under other experimental conditions, changes in concentration were often reported. However, responses lack consistency and no clear pattern for changes in composition has been observed. Overall, flavonols do not seem to be directly affected by high temperature but rather more indirectly impacted by a change in primary and secondary metabolism. Flavonols are intermediates in the phenylpropanoid pathway, and changes in expression of the shared genes with the other flavonoids (as described in the biosynthesis section) could explain why they are sometimes affected by temperature.
Anthocyanins
High temperature has been known for several decades to reduce grape colour significantly through effects on anthocyanins (Buttrose et al., 1971; Kliewer and Torres, 1972) . However, it is only more recently that studies identified the mechanism underlying the effect of high temperature, and a large number of studies report a common behaviour. The latest studies combining metabolomics and gene expression also provide new insights into the regulation mechanism of anthocyanin accumulation in grape skin. To summarize the effect of temperature on anthocyanins, Fig. 4 combines results of colour or anthocyanin fold changes at maturity which correspond to the ratio of optic density or concentration, respectively, between the heated treatment and the control. Values <1 indicate a reduction in anthocyanins or colour compared with the control, >1 an increase, and 1 means no changes.
The phenological stage at which heating treatments have been applied is the most commonly used experimental parameter, and one that has provided the most consistent response in studies of high temperature effects on anthocyanins (Fig. 4) . Anthocyanins are not impacted by short-term treatments when applied during stage I and/or at the beginning of stage II (Buttrose et al., 1971; Koshita et al., 2015; Lecourieux et al., 2017) or close to harvest . However, when anthocyanin responses to high temperature have been examined around véraison (end of stage II/beginning of stage III), a significant decrease has been observed in most studies. Together, these findings indicate that temperature directly impacts anthocyanin biosynthesis as the strongest response occurs at véraison when all genes are highly expressed.
The early maturation period was also intensively studied with Aki Queen table grapes (a hybrid between V. labrusca and V. vinifera) as it is important to understand the effect of temperature on berry colour to improve its commercial value as a table grape. Also, in general, table grapes (most of which are V. vinifera) contain less anthocyanins than grapes used to make wine and can behave differently. A sensitivity window between 8 °Brix and 17 °Brix was first suggested by a study at the whole-vine level, and anthocyanin accumulation was significantly slowed by high temperature (30 °C) when treatments were applied in this specific window . Indeed, the differences in anthocyanin concentration remained until harvest (15 d after the end of the treatment) Fig. 3 . Summary of the effect of high day and/or night temperature on grape flavonoids at different treatment scales: whole vine, bunch, and detached berry.
for the treatment applied at ~15 °Brix . Subsequent experiments at the whole-vine level refined this sensitivity window to between 10 °Brix and 15 °Brix . In addition, a similar sensitivity window has been confirmed for Aki Queen at the bunch level, with no effect of high temperature before the onset of coloration but a significant decrease when treatments were applied at vérai-son (Koshita et al., 2015) . These results suggest that anthocyanin accumulation is only impacted by high temperature at intermediate sugar levels when berries begin to colour and all genes are expressed.
The timing of treatment is another important experimental parameter to study the effect of high temperature on anthocyanins (Fig. 3) . At the whole-vine level, combined day and night high temperatures around véraison have also been found to induce a severe reduction in final anthocyanin concentration at harvest. Berry colour was significantly reduced in Cardinal, Pinot Noir, and Tokay exposed to 35 °C during the day and 25 °C at night (Kliewer and Torres, 1972) . Anthocyanins were reduced in several cultivars exposed to a constant 30 °C: in Kyoho (a hybrid parent of Aki Queen) for a period of 30 d and nights during stage III (Mori et al., 2004) , in Aki Queen for 13 d at E-L 36, and in Muscat Hamburg for 45 d (Carbonell-Bejerano et al., 2013) . Small increases of temperature applied for the whole season also led to a reduction in anthocyanins in most cases de Rosas et al., 2017; Arrizabalaga et al., 2018) . Anthocyanin responses to combined day and night temperature treatments, when applied over a long period that at least includes véraison, are therefore consistent with the apparent sensitivity of biosynthesis during this period. However, these sets of experiments do not separate the effect of high day temperature from high night temperature.
In studies that have examined the sole effect of high night temperature at the whole-vine level, night temperature responses are less conclusive, although effects have varied with the intensity of night temperatures and/or the cultivar. For example, in Cabernet Sauvignon, colour and anthocyanins were increased at 25 °C, while at 30 °C anthocyanins were lower (Kliewer and Torres, 1972) ; anthocyanins were not affected in Kyoho at 30 °C, while Darkridge exhibited a lower concentration (Mori et al., 2004 (Mori et al., , 2005 . In addition, Pinot Meunier microvines responded to a short (2 h) but intense (37 °C) night heat stress at véraison, and anthocyanin concentration was reduced by 2.5 compared with the control maintained at 12 °C (Rienth et al., 2014b) . Recently, the anthocyanin concentration of Corvina grapes was actually found to be higher at harvest for whole vines transferred to low night temperature (10 °C versus 20 °C) during 17 d including véraison (Gaiotti et al., 2018) . Studies on the effect of high day temperature, in contrast, found that berry colour was strongly reduced and/or anthocyanin concentration was decreased. For example, berries exposed to 30 °C during the whole season had greatly reduced colour at harvest (Buttrose et al., 1971) . High day temperature reduced total anthocyanin concentration in Cabernet Sauvignon and Pinot Noir grapes (Mori et al., 2007a, b) . Sangiovese was also strongly affected by ~50 d of exposure to high day temperature over two consecutive seasons (Movahed et al., 2016; Pastore et al., 2017) . Overall, these studies indicate a stronger effect of day temperature than night temperature on anthocyanin biosynthesis at the whole-vine level, although the possibility of interactions between day and night temperatures cannot be excluded.
With an additional variation in experimental parameters, one study on high day temperature also restricted the period of exposure to specific daylight hours. No changes in total anthocyanins were observed when high temperature was applied in the early morning and late evening in Pinot Noir (Mori et al., 2007a) . This suggests that mid-day temperature had the most impact Fig. 4 . Fold changes in colour or total anthocyanins (treatment/control) at maturity depending on the phenological stage at which the experiment is conducted and in relation to three experimental parameters: dT=difference in temperature between heated and control (A), T mean =average temperature of the heated treatment (B), and time of exposure (C). Data are compiled from all publications listed in Table 1 .
on the regulation of anthocyanin; however, this could be due to the time at which the treatment was applied, the duration of exposure, and/or the intensity of the treatment.
Regular sampling during a whole-season experiment showed a delay in the onset of anthocyanin accumulation in both Shiraz and Cabernet, but no alteration in the rate of accumulation (Sadras and Moran, 2012) . This meant that no differences in anthocyanins were found when harvested at a similar sugar ripeness level. However, a study on different Tempranillo clones showed the same decoupling between anthocyanins and sugars but led in most cases to lower grape anthocyanin levels in heated treatments at harvest (Arrizabalaga et al., 2018) .
Findings from studies conducted at bunch level are mainly in agreement with those from whole-vine experiments, with a reduction in final total anthocyanin concentrations when treatments were applied around véraison. For example, day and day and night high temperatures reduced anthocyanin concentration when treatments were applied in the sensitive window Koshita et al., 2015; Lecourieux et al., 2017) . Outside of the window, however, anthocyanin synthesis was not affected . In the field, exposure of bunches to temperatures >35 °C, even for a short period of time, was found to reduce the final anthocyanin concentration significantly and this particular temperature was suggested as a threshold for Merlot (Spayd et al., 2002) . In vitro studies also confirmed that anthocyanins are reduced in berries exposed to extreme high temperature. Temperatures >40 °C significantly reduced all anthocyanins when applied for 24 h or 48 h (Ayenew et al., 2015; Chassy et al., 2015; Degu et al., 2016) .
As expected, intense treatments (T mean >35 °C) have only been applied over a short period, while mean temperatures ranging from 20 °C to 35 °C have been applied from periods of 20 d to the whole season. It appears that the more intense the treatment temperature, even for a short period of time, the more impact on the decrease in anthocyanins (Fig. 4A, B) . Overall, no correlation seems to exist between the extent of changes in final berry colour or total anthocyanin concentrations and the duration of treatments (Fig. 4C) .
Changes in total anthocyanin concentrations have often been concomitant with changes in anthocyanin profile. Malvidin derivatives seem to be the least affected by temperature as several studies reported no effect. For example, in Cabernet Sauvignon, malvidin was consistently not affected while other anthocyanins were (Mori et al., 2007a, b; Lecourieux et al., 2017) . This might be due to the stability of malvidins, as explained further in the next section, or possibly that these compounds are the most commonly synthesized and can be quickly replaced if degraded.
Changes in the ratio of dihydroxylated (Pn and C) to trihydroxylated (D, Pt, and M) derivatives were also observed in numerous studies, although not consistently. For example, in Pinot Noir which only contains the monoglucoside form of anthocyanins, there was a clear effect on profile with a decrease in trihydroxylated anthocyanins (D, Pt, M), whereas there were almost no changes or a slight increase for dihydroxylated anthocyanins (C and Pn). This was observed in two separate experiments, where the temperature was either gradually increased and decreased during the day or only increased early in the morning and late in the afternoon (Mori et al., 2007a) . Similar results were also observed in two consecutive seasons in Merlot, although this time, dihydroxylated anthocyanins were clearly increased in concentration (Cohen et al., 2012b) .
However, in Cabernet Sauvignon, heat exposure significantly decreased the percentage of dihydroxylated forms, leading to a decrease in the di/tri ratio or, in Merlot, was associated with increased proportions of trihydroxylated derivatives . Changes in the ratio indicate that anthocyanin biosynthesis may be directly affected by temperature, and flavonol hydroxylases are probably the enzymes regulated as discussed in the section below. An in vitro study also showed an effect on the anthocyanin profile, with most derivatives affected (Mori et al., 2007b) .
High temperature was also found to affect anthocyanin forms differently, but each study had different results. Acylated anthocyanins (acetyl and coumaroyl glucoside) were found to be proportionally less affected than monoglucosides in Cabernet Sauvignon (Mori et al., 2007b) . However, at the bunch level, in Merlot, opposite results were found, with acetyl and coumaroyl forms both significantly decreased (Cohen et al., 2012b) . Contrasting results were found in Cabernet Sauvignon where a short heat stress, applied for 14 d during stage II or III, led to a significant increase in acylated anthocyanins . Difference in behaviour between the different forms were observed in vitro compared with studies at the whole-vine and bunch levels. In vivo, high temperature did not significantly affect acetylated or coumaroylated anthocyanins, known to be more stable than the monoglucosides (Mori et al., 2007b; Chassy et al., 2015) . However, in vitro, in Shiraz, there was a decrease in glycosylated and acylated Pn, C-monoglucoside, and coumaroyl forms, while coumaroylated Pn increased at high temperature (Ayenew et al., 2015) .
Overall, the findings of these studies indicate that anthocyanins are significantly and directly reduced under high day temperature. Several hypotheses were made in the studies reported above suggesting that there is a complex combination of inhibition of enzyme activity and/or up-and down-regulation of phenylpropanoid genes as well as degradation of anthocyanins (Mori et al., 2004 (Mori et al., , 2005 Movahed et al., 2016; Pastore et al., 2017) . These hypotheses will be reviewed and discussed in detail in the section below.
Flavan-3-ols and proanthocyanidins
Despite significant research attention in the past 15 years on anthocyanins, the effect of temperature on flavan-3-ol biosynthesis and PA accumulation is not well understood. A positive correlation between temperature and PAs has been observed in a few studies using indirect methods, where high temperature has led to higher PA concentrations (del Rio and Kennedy, 2006; Chira et al., 2011) . However, when high temperature is studied using a direct method, no clear effect has been observed.
On one hand, some studies reported no effect on skin PAs when high temperature treatments were applied at the whole-vine level. For example, no effect on skin PAs was found in Kyoho grapes grown under high temperature during berry ripening regardless of other experimental parameters (Mori et al., 2004) . The same results were observed for Sangiovese when the temperature treatment was applied for 52 d during berry ripening (Pastore et al., 2017) . On the other hand, other studies reported an effect of high temperature on PAs. Using the open-top chambers with fieldgrown Shiraz, a decrease in both seed and skin PAs was correlated with higher temperature . A decrease in flavan-3-ols was also observed in Kadainou R-1 when control was maintained at 25 °C and treatment heated to 30 °C. However, during the same experiment, if the heated treatment (30 °C) was compared with the treatment cooled to 20 °C, no difference in flavan-3-ols was found, suggesting that 25 °C was an optimum temperature for flavan-3-ol concentration in this study (Poudel et al., 2009) . However, in vitro work showed an effect of extreme high temperature on skin flavan-3-ols, with a significant increase in EC shortly after the start of the treatment (Degu et al., 2016) . This is in contrast to previous work on cell suspensions, where an increase of EGC and decrease in EC and procyanidin were observed (Ayenew et al., 2015) .
An extensive project at the bunch level showed variable or little effect of temperature on PAs when treatments were applied for 6-7 weeks during berry development or ripening (Cohen et al., 2008 (Cohen et al., , 2012a . The main difference highlighted with these studies was a difference in skin and seed tannins in response to high temperature. Higher day temperature (+8 °C) during berry development led to higher skin PA concentration and changes in profile with a decrease of trihydroxylated PA subunits. Night heating exhibited contrasting results depending on background day temperature: no effect when days were maintained at cool temperature but significantly higher skin PAs and changes in profile when days were maintained at ambient temperature. These results may suggest an interaction between day and night temperatures (Cohen et al., 2008) . During berry ripening, skin PAs were affected by high day temperature but not by high night temperature (Cohen et al., 2008) . This experiment was repeated for 3 years and confirmed that there was no effect of high night temperature on total skin PAs when days were cooled during berry ripening (Cohen et al., 2012b) . However, cooling during the day and heating at night during berry development led to a decrease of skin mDP at véraison. No effect on total skin PAs was found at véraison, but changes in accumulation rate were observed with high day temperature and, again, no consistent effects on skin PAs with high night temperature were found (Cohen et al., 2012a) . This suggest that only day temperature might affect skin PAs.
Heat can also indirectly affect the amount of PAs per berry by impacting on the number of seeds per berry (Ewart and Kliewer, 1977) and/or the physiological development of seeds such as a delay in seed ripening (Sadras et al., 2013a) . However, where evaluated, seed composition generally shows very little variation due to abiotic factors (Downey et al., 2004; Bogs et al., 2005) . This may be due to their protection by the first two berry pericarp layers which are skin and pulp, as well as the thick and hard seed coat. In addition, PA biosynthesis is independent from that of the rest of the berry and appears to be programmed early in berry development, which might explain why it is not affected by abiotic factors.
Small differences in seed PAs at véraison were observed, with only lower seed PAs when day background temperature was cooled (Cohen et al., 2008) . However, the effect of cooled days and heated nights was consistent, showing no effects on total PAs but with mDP and EC subunits increased while ECG was reduced in seeds at véraison (Cohen et al., 2012b) .
To date, there is insufficient research on flavan-3-ols to conclude on a direct or indirect effect of temperature on these compounds, especially as very early berry development stages such as flowering have not yet been studied. Regarding PAs, they have been inconsistently affected and no clear pattern has yet been identified. Skin PAs seem to be more affected than seed PAs as skin is the first layer of the berry directly exposed to abiotic stresses.
Effect of high temperature on the flavonoid pathway
Plants use a wide range of physiological and biochemical responses to adapt to abiotic stress (Kotak et al., 2007; Wahid et al., 2007; Ruelland and Zachowski, 2010) . Grape berries have more than one mechanism to react to abiotic stress and, in particular, heat stress can trigger new responses in berries (i.e. regulate, alter, and/or modulate metabolism) by shifting the synthesis to particular compounds. The phenological stage at which high temperature is applied is an important determinant of the impact on the phenylpropanoid pathway. For anthocyanins, véraison is the most sensitive period, while for PAs, it appears to be around flowering, as suggested by Lorrain et al. (2011) . Only a few studies have looked at flavonol biosynthesis in detail, and several phenological stages can be critical as their synthesis is activated twice, once during early berry development and again during ripening.
The effect of temperature on flavonoid biosynthesis can be studied at different levels: quantification of the expression of genes coding for core phenylpropanoid enzymes (e.g. PAL, CHS, CHI, F3H, DFR, and LDOX), levels of gene transcription related to specific branches of the pathway such as UFGT, ANR, LAR, and FLS, and modifying genes such as F3'5'H, MT, and 3AT, the level of MYB regulator gene transcription, or enzyme activity. Among the studies described above on flavonoid composition, less than half performed molecular biology analyses, and the results are summarized in Table 2 . In addition, to match gene expression with chemical data, the choice of samples is crucial. Most studies used different subsamples for the analyses while few conducted all analyses on the same berry (Rienth et al., 2014b (Rienth et al., , 2016 . Such an approach as well as berry density sorting are more robust to allow comparison between chemical and molecular data by reducing berry heterogeneity at véraison. Biochemical responses of grape berry flavonoids to high temperature | 415
Gene expression and enzyme activity
As described above, variable temperature responses have been reported for flavonols, compounds known to be highly regulated by light. At all treatment scales, when high temperature treatments have been applied at night or in the dark, no or little effects on their biosynthesis were observed for Pione, Merlot, and Darkridge (Mori et al., 2005; Azuma et al., 2012; Cohen et al., 2012a) . However, on Cabernet Sauvignon bunches, different results were found depending on the phenological stage of treatment: there was no effect on the level of FLS gene expression before véraison but, after véraison, a slight repression of the expression of this gene was observed . Even though anthocyanin biosynthesis is clearly regulated by temperature, gene behaviour does not always seem to reflect composition. In Darkridge, high night temperature reduced anthocyanin accumulation in berry skin because of a reduction in expression of genes involved in anthocyanin biosynthesis (Mori et al., 2005) . A decrease in UFGT activity and relative reduction of mRNA levels at high day and/or night temperature have also been reported several times. For example, at the whole-vine level, high day and night temperatures immediately and severely reduced UFGT activity in Kyoho (Mori et al., 2004) , while high night temperature only led to an initial reduction followed by a sudden increase later during ripening. UFGT expression has also been found to be significantly down-regulated by high day temperature until mid-ripening in Malbec (de Rosas et al., 2017) and from mid-ripening to maturity in Sangiovese (Movahed et al., 2016; Pastore et al., 2017) . However, in another study on Cabernet Sauvignon, the activity of UFGT was found to increase from the beginning of the heat treatment, although no difference was observed 6 weeks after véraison (Mori et al., 2007b) . A recent study focused on low temperature at night showed that the expression of UFGT was actually enhanced during treatment application of cold temperature and then rapidly decreased when vines were brought back to high night temperature conditions at the end of ripening (Gaiotti et al., 2018) . Contrasting results were found at the bunch level, where UFGT was up-regulated during a period of 14 d heating before véraison; however, during and after véraison, UFGT was only up-regulated on the first day and then was repressed in Cabernet Sauvignon . In vitro, contrasting effects of high temperature were reported with either an increase of expression or a severe repression of UFGT in daylight in Cabernet Sauvignon (Mori et al., 2007b; Lecourieux et al., 2017) . In Pione, a severe repression of UFGT was observed in daylight but there was no effect in the dark (Azuma et al., 2012) .
Effects on upstream enzyme activity have also been reported. At the very beginning of the phenylpropanoid pathway, PAL has been found to respond to high temperature in all studies where its activity was assessed. For Sangiovese, gene expression and enzyme activity were significantly repressed by high day temperature, and results were consistent across two separate glasshouse studies (Movahed et al., 2016; Pastore et al., 2017) . Also, after no initial response 15 d into a high night temperature treatment, PAL activity was found to be lower than in cool night control vines in Cabernet Sauvignon after 30 d and 45 d of treatment (Mori et al., 2005) . However, for another cultivar, Kyoho, there was first a reduction and then an increase in PAL activity with high day and night temperatures, but different results were also found with high night temperatures leading to an increase in PAL activity (Mori et al., 2004) . A repression of PAL at véraison colour stage or at the late green stage was found when microvines were heated for 2 h at night (Rienth et al., 2014b) . Conversely, at the bunch level, PAL was slowly up-regulated, with a peak after 7 d of day heating during berry development, whereas during berry ripening, PAL was first up-regulated on day 1 and then repressed on days 7 and 14 . In most cases, PAL activity was found to be lower, which would generate a decrease in carbon influx going through the phenylpropanoid pathway and reduce the amount of flavonoid produced under high temperature.
Further downstream, CHS, F3H, DFR, and LDOX are also affected by high temperature, but different responses have been found. A general reduction of expression or mRNA levels was observed with day and night, and night heating at the wholevine level (Mori et al., 2005; . In fact, CHS3 and F3H1 expression seems to be increased when vines are at low night temperature (Gaiotti et al., 2018) . Repression of CHS was also found at the early and late green stages of microvines heated during the day (Rienth et al., 2016) . In vitro results tend to confirm this overall down-regulation which led to a slight decrease to severe repression of these genes (Mori et al., 2007a; Azuma et al., 2012; Ayenew et al., 2015) . However, at bunch level, different effects have been reported, with an upregulation of some enzymes such as CHS in Merlot and C4H in Cabernet Sauvignon or no effect on LDOX for the latter (Cohen et al., 2012a; Lecourieux et al., 2017) .
Differences in the proportion of di-and trihydroxylated flavonoids observed in berries can be partially explained by differences in F3'H and F3'5'H expression. This type of modification, with a shift in metabolism to produce particular flavonoid derivatives with different hydroxylation or acylation patterns, may be used to protect cells from oxidation. At the whole-vine level, differences have been found between their relative expressions, although not consistently across studies. In Pinot Noir, a reduction in F3'5'H mRNA abundance was correlated with a significant reduction in trihydroxylated anthocyanins, while F3'H gene expression was increased, yet without a clear increase in dihydroxylated compounds (Mori et al., 2007a) . In a second experiment with gradual heating to a higher temperature (35 °C), the expression of F3'H was first increased but then both F3'H and F3'5'H were reduced. This was correlated with a significant reduction of tri-but an increase of dihydroxylation, which could be explained by F3'5'H expression being more downregulated than that of F3'H (Mori et al., 2007a) . The opposite was observed in Sangiovese depending on the F3'5'H transcript: F3'5'Hi activity was increased at high temperature while no effect on F3'5'Hk and F3'H activities was observed, but this was not reflected in the final anthocyanin composition (Movahed et al., 2016) . The experiment was repeated with a higher dT and, in this case, significantly higher tri-/ dihydroxylated flavonol ratios were observed (Pastore et al., 2017) . Complementary gene expression measurements were unfortunately not undertaken with these enzymes to confirm a potential link between expression and final composition. These findings, however, suggest that while flavonol biosynthesis is not directly regulated by temperature, consistent with no effect on FLS found in most studies as mentioned above, enzymes affected upstream in the metabolic pathway can have a flow-on effect on their formation.
At the bunch level, differences in expression between F3'H and F3'5'H were also observed. For example, in Merlot, during berry development, significant differences in the ratio between F3'5'H and F3'H relative expression were observed close to véraison with high night temperature (Cohen et al., 2012a) . This would have potentially impacted anthocyanin biosynthesis if the experiment had been extended until maturity. In Cabernet Sauvignon, the effect differed depending on the phenological stage. When the heat treatment was applied before véraison, a strong repression of F3'5'H expression was observed on day 7 followed by a slight repression of F3'H. However, when the heat treatment was applied during and after véraison, no effect or a slight up-regulation of F3'5'H expression with an immediate up-regulation of F3'H was observed . In vitro, consistent results were found, with a decrease of F3'H gene expression (Azuma et al., 2012; Ayenew et al., 2015) . Changes observed in expression of the genes encoding F3'H and F3'5'H at the bunch level confirm that the biosynthesis of mono-, di-, and trihydroxylated flavonoids is directly impacted by high temperature.
The end of the pathway and the regulation of the final steps for flavonoid production: LAR and ANR for flavan-3-ols, and UFGT, MT, GST, and AT for anthocyanins, have also been studied in the last 10 years. Consistent results between whole-vine and bunch studies showed a significant up-regulation of Vv3AT during berry ripening and leading to a higher proportion of acylated anthocyanins (de Rosas et al., 2017; Lecourieux et al., 2017) . In addition, a down-regulation of the genes encoding MT was observed in both bunch and in vitro studies, concomitant with changes in anthocyanin concentration and profile. Only two whole-vine studies have investigated the effect of temperature on genes involved in flavan-3-ol biosynthesis, LAR and ANR, and one of them found a small up-regulation of the transcription of both genes (CarbonellBejerano et al., 2013) . At bunch level, diverse results have been observed depending on the timing. For example, there was no significant effect with day temperature on the expression of the gene coding for ANR, whereas there was a significant increase with high night temperature (Cohen et al., 2012a) . The phenological stage at which the treatment is applied is also important. During berry development in Cabernet Sauvignon, LAR gene expression was not significantly impacted, while there was a repression of ANR after 7 d of heating. During berry ripening, the effect was opposite, with no significant effect on ANR but an immediate repression of LAR . Similar results were found when microvines were heated for 2 h at night with a repression of ANR at the green stage, while LAR was only impacted at the véraison sugar stage (Rienth et al., 2014b) . Another study from the same group found that LAR was also repressed during berry development to the late green stage when vines were heated for at least a month during the day (Rienth et al., 2016) . Changes in ANR expression were also observed in vitro, where the repression was immediate but did not match the changes in composition observed (Ayenew et al., 2015) . In addition, only one study reported an effect of high temperature on genes potentially involved in the tannin galloylation process. In this study on microvines, UGGTs were found to be repressed by high day temperature during both early (just after berry set when intense cell division occurs) and late green stages (Rienth et al., 2016) .
In summary, high temperature seems to affect gene expression and enzyme activity directly and this can partially explain why the flavonoid concentration and profile can be different between heated treatments and control. However, not all differences in composition were explained by a difference in gene expression itself, as other mechanisms such as gene expression regulation can also be affected by temperature. Sampling strategies, sampling time, and berry heterogeneity are also significant factors influencing gene expression data as most analyses are done on different samples. When analyses were done on the same subsample or on the same berries, gene expression data were better correlated with findings from chemical analyses.
Regulators
Temperature can also impact on the expression levels of MYB genes, which encode transcription factors involved in the regulation of the transcription of the genes in the flavonoid pathway. Briefly, MYB5a and MYB5b regulate the first steps, MYBF1 regulates flavonol synthesis, MYBA1, MYBA2, and MYB4 regulate anthocyanin synthesis, and MYBPA1 and MYBPA2 regulate flavan-3-ol synthesis. Overall, there was no consistent effect of treatment scale or phenological stages, and a pattern is hard to extract. MYB5a expression was found to decrease with high day temperature at bunch level but was not affected at night (Cohen et al., 2012a) . Contrasting results were found in vitro, with no effect on MYB5a in berries heated with light but an increase in berries heated in the dark, while MYB5b was reduced in both conditions (Azuma et al., 2012) . Conflicting results were found for the expression of MYBA1 which was not affected in some studies on fruiting cuttings of Muscat Hamburg and Cabernet Sauvignon (Carbonell-Bejerano et al., 2013; Lecourieux et al., 2017) , but severely repressed during ripening in others studies using Malbec, Bonarda, Sangiovese, and Aki Queen Rienth et al., 2014b Rienth et al., , 2016 Movahed et al., 2016; de Rosas et al., 2017) . Recently, the expression of MYBA1 was found to be greater when vines were treated with low night temperature at véraison and post-véraison (Gaiotti et al., 2018) . No effect on the expression of MYBA2 was reported at bunch level on Cabernet Sauvignon while for Aki Queen studied in vitro, MYBA2 expression was repressed (Azuma et al., 2012) . The transcriptional repressor MYB4 was up-regulated in vitro for Aki Queen (Azuma et al., 2012) , but there was no effect at the wholevine level in Malbec and Bonarda (de Rosas et al., 2017) .
The number of studies which looked at MYBPA1&2 regulators with high temperature is limited due to the difficulty of their measurement. At the whole-vine level, the MYBPA1 transcript level has been found to be up-regulated with high temperature (Carbonell-Bejerano et al., 2013) , and this was consistent with studies at the bunch level on Merlot and Cabernet Sauvignon (Cohen et al., 2012a; Lecourieux et al., 2017) . However, a reduction of the expression level of MYBPA1 was observed at high temperature when Pione was studied in vitro (Azuma et al., 2012) and of MYBPA2 in young green berries of microvines heated during the day (Rienth et al., 2016) .
MYB regulators are probably not the predominant key of flavonoid synthesis regulation at high temperature. For example, a general down-regulation of the entire phenylpropanoid pathway has been observed, but was concomitant with an up-regulation of MYBA1 after 12 h of heat stress application (Ayenew et al., 2015) . In addition, a dramatic loss in anthocyanins was observed, while there was a slight increase of MYBA1 expression (Mori et al., 2007b) . High day and night temperatures also impacted MYB regulators differently, which may explain the differences observed at the compositional level.
Enzyme activity is also temperature dependent, and each enzyme has an optimum temperature range where its activity is greatest. Inhibition of enzyme activity could be another reason explaining the reduction in anthocyanin biosynthesis . For example, UFGT activity could be maintained or even increased at higher temperature, and anthocyanin biosynthesis could be maintained as highlighted in the in vitro study of Mori et al. (2007b) .
To conclude, molecular biology studies on gene expression, enzyme activity, and regulation are crucial to understand the effect of a parameter on biosynthesis. Temporal differences of only a few hours between treatments and response reflect how quickly grape flavonoid composition can start to change in response to heat stress. The diversity of enzyme responses also highlights the complexity of the mechanism and the ability of grapes to fine-tune their acclimation. In addition, transcriptomic results do not always match observations made at the metabolomic level and highlight the need to also consider factors such as degradation and remodelling.
Enzymatic and chemical degradation
Increased hydroxylation, methoxylation, glycosylation, and acylation are commonly associated with higher anthocyanin stability (Jackman and Smith, 1996; Rodriguez-Saona et al., 1999) . Among the anthocyanins, malvidins, which have the most methyl groups, have been found to be the most stable and least affected by high temperature. In several temperature and light studies, the anthocyanins found in higher proportions as a result of high temperature were those with higher acylation (Spayd et al., 2002; Downey et al., 2004; Tarara et al., 2008) . On the other hand, flavan-3-ols are very unstable monomers but, again, their stability was found to depend on the number of hydroxyl substituents (Liazid et al., 2007) , with epicatechin (dihydroxylated) the least stable (Prieur et al., 1994) . PAs are the most stable tannins compared with hydrolysable tannins (gallotannins and ellagitannins) due to their irreversible binding between the different subunits. In vitro, PAs can be degraded/hydrolysed into monomeric units such as anthocyanidins, but these reactions occur at very high temperature and/or at very low pH (Kim et al., 2006; Chamorro et al., 2012) , and such conditions are not relevant to in vivo conditions. Enzymatic degradation (redox enzymes) and chemical degradation such as production of reactive oxygen species (ROS) are other possible explanations for the degradation of flavonoids at high temperature. Enzymatic mechanisms are known to be predominant in grape berry flavonoid degradation, and oxidizing enzymes are classified into three categories: oxygenases, such as phenol oxidases or lipoxygenases, oxidases, which use O 2 as acceptor and produce H 2 O or H 2 O 2 , and peroxidases, which use H 2 O 2 to produce H 2 O (López-Nicolás and García-Carmona, 2009). Recent studies confirmed the degradation of anthocyanins by peroxidases, which exhibited higher activity at elevated temperature (Movahed et al., 2016; Lecourieux et al., 2017; Pastore et al., 2017) . In addition, one of PA's potential polymerization mechanisms involves the oxidation of flavan-3-ols into flavan-3-ol quinones, with enzymes or ROS suggested as possible oxidizing agents . H 2 O 2 has also been identified as a key regulator in the synthesis of small heat shock proteins and can induce expression of many genes of the anthocyanin metabolic pathway. In particular, H 2 O 2 has been found to induce anthocyanin biosynthesis by highly regulating a specific UDP-glycosyltransferase (UGT74E2) (Vanderauwera et al., 2005) .
Therefore, flavonoids, which are readily oxidized, could contribute to cell protection by inhibiting the production of ROS, and/or by preferentially reacting with them when already produced due to their high scavenging activity (Castañeda-Ovando et al., 2009; Di Ferdinando et al., 2012; Petrussa et al., 2013; Baskar et al., 2018) . The ROS produced as a response to stress are highly reactive, such as singlet oxygen, superoxide anion, and H 2 O 2 , but are located in the cytoplasm . However, in grapevine cells, anthocyanins and PAs are synthesized in the cytoplasm and are possibly transported to the vacuole by GST to be stored; they could thus only react with ROS in the case of mechanical disruption of the tonoplast, known as the vacuolar membrane. Anthocyanins and PAs could also be transported from one cell to another via transmembrane transporters or vesicular transport to other locations (Petrussa et al., 2013) . Flavonols and flavan-3-ols have been found in plant nuclei, and a possible reaction with ROS to avoid DNA damage has been suggested but not confirmed . To ensure their role as antioxidants, flavonoids could be transported upon oxidative stress but, if they are, the mechanism is unknown. Relocation of anthocyanins may be another factor impacting anthocyanin content, and further work is needed to confirm the deregulation of putative vacuolar transporters (ABC, antho-MATE, and GST), observed at the bunch level (Table 2) .
Thus, if flavonoids were to be in contact with ROS, dihydroxylated forms have been suggested to be more reactive than trihydroxylated forms (Castellarin et al., 2012; Di Ferdinando et al., 2012) . Therefore, the former may be preferentially synthesized and accumulated during a heat stress because of their greater antioxidant activity. This could explain the discrepancies observed in berries and reported above on the effect of high temperature on flavonoid composition. The impact on concentration might also be reflected differently depending on the time of sampling, with an increase of dihydroxylated forms due to biosynthesis induction just after the start of the heat stress or a subsequent decrease due to their degradation after reaction with ROS. The period of time between heat stress signalling and the sequence of biosynthetic events is yet to be established; thus, collecting samples more regularly is needed to determine the chronological order of the heat stress response mechanism.
Although enzymatic reactions are the main known reaction in grape berries, non-enzymatic degradation cannot be completely excluded and other chemical reactions may also transform flavonoids at high temperature. The Maillard reaction is favoured by heat but can happen at room temperature at a slower rate and lead to browning by caramelization and chemical oxidation of phenols, thereby contributing in vivo to the natural ageing of polyphenols (López-Nicolás and García-Carmona, 2009 ). Epimerization of flavan-3-ols (i.e., interconversion between diastereomers) can also occur with extreme high temperature and EC (Kennedy and Jones, 2001) .
Finally, degradation products of berry flavonoids due to high temperature are not well known. Dihydroxylated anthocyanin degradation products have been suggested to have similar structures to catechol (Zhang et al., 2001) . In vitro studies have reported an increase in unidentified compounds at high temperature, while anthocyanins and flavonols were decreased; the authors suggested that they were flavonoid degradation products but could not identify them due to very low concentration in the samples (Chassy et al., 2015) .
To summarize, degradation of flavonoids occurs at high temperature due to chemical and enzymatic reactions, and peroxidases have been recently identified as the main enzymes responsible for the reduction in total anthocyanins in these studies. In regard to the modification of the flavonoid profile, regular samplings during experiments must be undertaken to fully understand the relative contribution of degradation and changes in biosynthesis to flavonoid composition.
Other heat-induced adaptive responses
This section mostly draws on results from anthocyanin studies as other flavonoids have not been found to change much with temperature and are therefore less studied. These other heatinduced adaptive responses can indirectly affect flavonoids with upstream changes in metabolism and lower concentration of precursors.
Growth regulators
Growth regulators such as abscisic acid (ABA) and salicylic acid are affected by high temperature and could contribute to heat signalling mechanisms in cells. ABA signalling mediates plant responses to abiotic stress, but only a few studies have quantified the amount of ABA in heated berries and reported contradicting effects. Reduction in ABA concentration in Aki Queen berry skin with high temperature has been found to be concomitant with a reduction in the expression level of VvmybA1; this would lead, by domino effect, to a reduction in anthocyanin biosynthesis and could partially explain the decrease in anthocyanins observed . Similar results were found when microvines were heated during the day, with the repression of one key enzyme transcript involved in ABA synthesis, in green berries (Rienth et al., 2016) . In vitro, a significant reduction of ABA was observed with high temperature (Azuma et al., 2012) whereas at the whole-plant level, ABA was significantly higher under high temperature at maturity (Carbonell-Bejerano et al., 2013) . Salicylic acid may also have an important role during heat stress by activating PAL (Wen et al., 2008) , but this hypothesis needs to be confirmed.
General metabolism
Down-regulation of carbohydrate production and protein synthesis is always observed as a response of plants to abiotic stresses (Cramer et al., 2011) . This may indicate a preservation of energy by the plant and a shift from plant growth to mechanisms of protection. Severe heat stress generally induces a delay or a decrease in the accumulation of berry sugars, which has been correlated with a down-regulation of sugar transporters (Greer and Weston, 2010; Lecourieux et al., 2017) . As sugars are the primary precursors for primary and then secondary metabolites, this impacts on the production of flavonoids and so may be considered as an indirect effect of temperature. For example, a clear decrease in flavonoid precursors, such as phenylalanine, has been reported due to high temperature (Ayenew et al., 2015) . Another indirect effect on flavonoids is the remobilization of precursors for the metabolism of other compounds upstream, such as an increase in lignin synthesis as observed in recent studies (Rienth et al., 2016; Lecourieux et al., 2017) . As lignins are complex polymers with a high number of subunits and require a lot of carbon, their increased synthesis may lead to a decrease in p-coumarate availability and indirectly reduce the amount of flavonoids produced.
In addition, up-regulation of stilbene synthase (StSy) has been correlated with high temperature, although strong decreases in resveratrol have been reported several times (Chassy et al., 2015; Degu et al., 2016; Lecourieux et al., 2017) . It is then possible that resveratrol is also used as a scavenger due to its high antioxidant activity, and its synthesis will be an instant competitor with flavonoid biosynthesis as they share common precursors: 4-coumaroyl-CoA and malonyl-CoA (Fig. 2) .
Heat shock protein
Heat shock protein chaperones are produced under stress and their expression is regulated by transcription factors named heat shock factors (HSFs). Response to heat stress involves the induction of heat shock proteins and the repression of transmembrane transporter-encoding transcripts which could lead to the establishment of a thermotolerance response (Wahid et al., 2007; Carbonell-Bejerano et al., 2013) . In particular, HSFA2 has been reported to be involved in heat stress responses of berries (Pillet et al., 2012) . Several studies also reported enhanced expression of VviMYBF1c (Multiprotein bridging factor 1c) which may play an important role in the transcriptional regulation of the response of berries exposed to high temperature (Carbonell-Bejerano et al., 2013; Rienth et al., 2014b; Lecourieux et al., 2017) . These proteins and factors have several roles during heat stress such as chaperoning, protein folding, and transport, and could trigger mechanisms impacting on the phenylpropanoid pathway.
Remodelling
Berry texture and structure can be modulated in the case of heat stress, and remodelling of these berry parameters may be considered as an adaptive response. A significant increase in lignin biosynthesis has been observed upon heat treatment and would confer additional strength to protect the berry (Degu et al., 2016; Lecourieux et al., 2017) . In addition, internal cell wall modifications have been linked with climate in the vineyard (Dal Santo et al., 2013) , and genes involved in structural modifications such as CES, PAE, and XET could be regulated by abiotic stress. This cell wall remodelling (cellulose-hemicellulose and pectin network) may be needed in order to have a more flexible structure which is able to adapt to changes in berry volumes and/or to protect DNA and maintain cell viability (Rienth et al., 2014a; Lecourieux et al., 2017) . In support of the above, a recent study found an expansion and loosening of Cabernet Sauvignon skin cell walls in response to heat stress, with several genes up-regulated such as XET . The latter may indirectly influence the measurement of flavonoid concentration as their extraction is dependent on their binding with cell wall materials (Hanlin et al., 2010) . Oxidative processes, catalysed by laccase for example, may also lead to cross-linking between flavonoid subfamilies (e.g. anthocyanin-PA adducts) (Kennedy et al., 2000) , which may increase their stability and ability to bind to cell wall components, thereby decreasing their solubility and extractability.
Acclimation and genetic adaptation
Grapevines have many possible avenues to adjust to abiotic stresses in their environment. These responses, established by plants to regulate their metabolism and/or growth, may be temporary or ongoing. Despite a few studies on leaf acclimation (Xu et al., 2006; Wang et al., 2010; Liu et al., 2014; Xu et al., 2014) , it is still unknown if grapes of vines grown under high or extreme high temperature acclimate temporarily, or if changes in berry metabolism lead to longer term adaptation through the growing season or over several seasons. In general, grapevines grown in cool climate regions appear more sensitive to temperature, while others well established in hot climate regions seem to be able to maintain their secondary metabolism under more extreme temperature. Strong cultivar dependence regarding high temperature is also apparent from the literature. As an example, a study comparing the response of Shiraz and Cabernet Sauvignon to high temperature found differences in leaf metabolism behaviour between the two cultivars (Hochberg et al., 2015) . In addition, results combined in this review show that Aki Queen, Kadainou R-1, Tokay, Bonarda, Sangiovese, Tempranillo, and Pinot Noir were the least tolerant, whereas Cabernet Sauvignon, Malbec, and Shiraz could maintain anthocyanin synthesis under high temperature, although they were still affected under more extreme conditions (Table 1) . It is possible that the fine regulation of gene expression is the key to thermotolerance as differences in responses have been found in several clones of the same cultivar studied under the same conditions (Arrizabalaga et al., 2018) . Another method of adaptation to climate change would then be to breed new cultivars, and research is being undertaken to identify physiological and molecular responses of grapevine to high temperature and the subsequent genes involved in the mechanism of adaptation to this stress (Torregrosa et al., 2017) .
Conclusion
The most critical experimental parameters identified in this review were phenological stages, followed by day/night temperature regimes. Changes in composition were found to correlate with temperature intensity, thus highlighting the importance of threshold for biosynthesis. Duration has been less well studied, and research looking at different periods of time within the same study is lacking.
In terms of flavonoid composition, anthocyanin biosynthesis was found to be the most sensitive to high temperatures during mid-ripening, with pre-véraison studies rarely reporting an effect. Anthocyanin genes are not always strongly down-regulated at high temperature, and so the poor berry skin colouration may be due to complex mechanisms combining changes in gene expression and enzyme activity, degradation, and/or relocation. Findings suggest that anthocyanins act as antioxidants in protecting berries from extreme high temperature, but knowledge on their possible vacuolar sequestration and/ or relocation needs to be gained. On the other hand, flavonol, flavan-3-ol, and PA responses to high temperature are less consistent, and drawing conclusions as for anthocyanins is impossible. Flavonol synthesis may indeed be indirectly affected by high temperature with a general decrease of metabolism at the whole-vine level. PA responses depend on the phenological stage at which heat is applied, and more research around the sensitive windows is needed to confirm whether temperature directly impacts on their biosynthesis. More knowledge concerning the process of polymerization and galloylation of PAs is also required to fully understand the effect of temperature on their synthesis.
As observed in most recent studies, deeper knowledge on this topic is now gained through combined metabolomics and transcriptomics, which are essential to understand how flavonoids behave under elevated temperature. Some studies have highlighted that metabolic and transcriptional responses do not always match, thereby suggesting a complex combination of synthesis and degradation mechanisms. In addition, differences in synthesis, accumulation, transport activities, localization, interaction with other compounds, and chemical and enzymatic degradations all possibly contribute to differences observed among some studies. Therefore, projects with more frequent sampling would help identify the dynamic of berry responses to heat stress. Further studies are also required to characterize degradation products as they have not yet been identified in vitro or in vivo due to their low abundance and the need for substantial analytical capability for untargeted analysis. Additionally, sample size, representability, and berry heterogeneity issues must be carefully considered as these may also be a reason as to why chemical data and gene expression data do not correlate between studies. Sampling strategies standardizing berry ripening degrees such as berry density have been adopted in some of the most recent studies and, in these cases, gene expression results were better correlated with previous chemical findings.
In addition, berry surface temperature is mostly determined by air temperature if completely shaded; however, if not shaded, additional heat by solar radiation can increase their surface temperature. Many studies have shown strong interactions between light and temperature (Spayd et al., 2002; Tarara et al., 2008; Wen et al., 2008) , and this must be taken into consideration in experimental design as the impact of each parameter could counteract each other (Ayenew et al., 2015) . In the vineyard, a tight control of bunch microclimate is essential to reach a balanced maturity, and recent projects have studied the effect of diverse mitigation methods to reduce the effect of high temperature. For example, shade application is a solution offered to reduce the effect of high temperature and can help reduce the degradation of grape flavonoids, but leads to major changes in profile (Caravia et al., 2016; Martínez-Lüscher et al., 2017; Reshef et al., 2018) . Importantly, with climate change being a threat to viticulture, a better understanding of the effect of high temperature and associated parameters such as phenological stage, timing, intensity, and duration would further help grape growers in applying temperature mitigation methods only when needed. Available techniques such as irrigation, hydrocooling, kaolin sunscreen, or shading can be costly and time consuming, and water availability could also be reduced under extreme weather. Thus, applications would need to be scheduled to maintain grapevine and berry survival as a priority, and then berry quality by preserving flavonoid biosynthesis.
